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Co-support compound formation in Co/Al2O3 catalysts:
effect of reduction gas containing CO
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Abstract

The effect of the addition of CO during H2 reduction on Co-support compound formation in a Co/�-Al2O3 catalyst was
investigated. It is known that such compound formation can occur during catalyst reduction, is facilitated by the presence
of water vapor, and results in a less active catalyst. In this study, a H2 flow containing CO (1–9 vol.%) was used for stan-
dard reduction. Water vapor was also added (3 vol.%) in one series of experiments in order to examine the impact of CO
when relatively high partial pressures of water vapor are also present. After reduction at various conditions, the pretreated
catalyst samples were characterized and CO hydrogenation (H2/CO = 10/1, 220◦C, 1.8 atm) also performed. Both initial
and steady-state rates during CO hydrogenation went through a maximum for the addition of 3–5 vol.% CO during standard
reduction. The maximum rate was about four times that in the case where no CO was added. A similar trend was found even
where reduction occurred with a high partial pressure of water vapor. It is concluded that the addition of CO during reduction
has a significant effect on activity of the catalyst due to increases in both Co reducibility and dispersion.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Due to their high activities[1], high selectivities to
linear hydrocarbons, and low activities for the water
gas shift reaction[2,3], supported cobalt (Co) catalysts
are considered to be the most important catalysts for
Fischer–Tropsch synthesis (FTS) based on natural gas
conversion. Since only reduced Co metal is active for
FTS, it is known that Co-support compound formation
(Co-SCF) can be one of the causes of catalyst deac-
tivation. It has been reported that Co-SCF can occur
under pretreatment and/or reaction conditions[4–17].
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Water vapor is a byproduct of metal catalyst reduc-
tion and has also been shown to have a major impact
on Co-SCF. In a previous study reported by our lab-
oratory [6], water vapor was found to increase the
amount of non-reducible (at temperatures<900◦C)
Co “aluminate” formed during reduction of Co–Ru/�-
Al2O3. It was suggested that water vapor decreases
the reducibility of the cobalt in possibly two ways:
(i) inhibition of the reduction of well-dispersed CoO
interacting with the alumina support possibly by in-
creasing the cobalt–alumina interaction, and/or (ii) fa-
cilitation of the migration of cobalt ions into probable
tetrahedral sites of�-Al2O3 to form a non-reducible
(at temperatures<900◦C) Co “aluminate”. This
irreversible Co “aluminate” formation results in a de-
crease in the amount of cobalt able to be reduced using
conventional reduction procedures. However, it is un-
economic to decrease water vapor partial pressure to
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low enough levels during reduction of large amounts
of Co catalysts for industrial scale processes to avoid
facilitation of Co-SCF. Thus, in order to decrease the
amount of non-reducible Co-SCF, a way needs to be
found to minimize the impact of water vapor during
reduction.

FTS at high conversions results in high partial pres-
sures of water vapor as a byproduct without signifi-
cant deactivation of Co catalysts. Thus, it is assumed
that the presence of CO may help to prevent Co cat-
alysts from rapidly deactivating due to Co-SCF. This
paper reports the results of a study of the effect of
CO partial pressure on Co-SCF during H2 reduction
of a Co/�-Al2O3 catalyst. Since water vapor can have
a significant impact on Co-SCF, the effect of CO on
the H2 reduction of Co/�-Al2O3 at low and relatively
high partial pressures of water vapor was investigated.
Noble metal promotion of the Co/�-Al2O3 was not
used in this study in order to maximize the amount
of Co-SCF[18].

2. Experimental

2.1. Materials

2.1.1. Co/γ -Al2O3
The Co/�-Al2O3 catalyst was prepared by the

incipient wetness impregnation of�-Al2O3 having
a specific surface area of 209 m2/g and an average
particle size ca. 60�m. The support precursor (Vista
B boehmite) was first calcined at 500◦C for 10 h
before impregnation in order to put it in the form
of �-Al2O3. Cobalt nitrate [Co(NO3)2·6H2O] was
dissolved in de-ionized water and impregnated into
the support using incipient wetness to give a final
catalyst with 20 wt.% cobalt. The catalyst was dried
at 110◦C for 12 h and calcined in air at 300◦C for
2 h.

2.1.2. CoO, Co3O4 (spinel), and CoAl2O4 (spinel)
In order to identify the XRD peaks and Raman

bands of the samples, cobalt (II) oxide [95% CoO]
from Alfa Aesar, cobalt (II, III) oxide (spinel) [99.5%
Co3O4] from Strem Chemicals, Inc., and cobalt alu-
minate (spinel) [98% CoAl2O4] from Alfa Aesar were
used as reference materials.

2.2. Catalyst pretreatment

Standard reduction of the calcined catalyst was car-
ried out in a fixed-bed flow reactor under differential
conditions at 1 atm using a temperature ramp from
ambient to 350◦C at 1◦C/min and holding at 350◦C
for 10 h in a gas flow having a space velocity of
16,000 h−1 and consisting of H2 or a mixture of H2
and 3 vol.% added water vapor. Various amounts of
CO between 0 and 9 vol.%(PCO/PH2 = 0–0.10) were
also introduced into the reduction gas from the begin-
ning. The reduced catalyst was then passivated at room
temperature for 2 h with a mixture of O2/He (5.2% of
O2). The high space velocity of the H2 flow when wa-
ter vapor was not added insured that the partial pres-
sure of water vapor in the catalyst bed produced by Co
oxide reduction would be essentially zero in that case.

2.3. Catalyst nomenclature

The nomenclature used for the catalyst samples in
this study is the following:

• Co–R: the catalyst samples reduced in H2.
• Co–R[W]: the catalyst samples reduced in a mixture

of H2 with 3% water vapor added.
• Co–R[C-n]: the catalyst samples reduced in H2 and

n% (1–9%) of CO.
• Co–R[WC-n]: the catalyst samples reduced in a

mixture of H2 with 3% added water vapor andn%
(1–9%) of CO.

2.4. Catalyst characterization

2.4.1. X-ray powder diffraction (XRD)
XRD was performed to determine the bulk crys-

talline phases of the catalyst samples following dif-
ferent reduction conditions and passivation. XRD
patterns of samples were collected using a Scintag
XDS-2000 X-ray diffractometer with monochroma-
tized Cu K� radiation (λ = 1.54439 Å). The spectra
were scanned at a rate of 2.4◦/min from 2θ = 20◦ to
80◦.

2.4.2. Raman spectroscopy
The Raman spectra of the samples were collected

by projecting a continuous wave laser of helium–neon
(He–Ne) red (632.816 nm) through the samples ex-
posed to air at room temperature. A scanning range
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between 100 and 1000 cm−1 with a resolution of
2 cm−1 was applied. The data were analyzed us-
ing Renishaw Windows-based Raman Environment
(WiRE) software which allows Raman spectra to be
captured, calibrated, and analyzed using system 2000
functionality via the Galactic GRAMS interface with
global imaging capacity.

2.4.3. SEM and EDX
SEM and EDX were performed to study the mor-

phologies of the catalyst samples and elemental dis-
tributions, respectively. A Hitachi S3500N SEM was
used in the back scattering electron (BSE) mode at
15 kV with a working distance (the distance between
a sample and the electron beam) of 15 mm. After the
SEM micrographs were taken, EDX was performed to
determine the elemental concentration on the catalyst
surface (using INCA software).

2.4.4. Hydrogen chemisorption
Static H2 chemisorption on the re-reduced cobalt

catalyst samples was used to determine the num-
ber of reduced surface cobalt metal atoms. This is
related to the overall activity of the catalyst during
FTS. Gas volumetric chemisorption at 100◦C was
performed using the method described by Reuel and
Bartholomew [19]. Chemisorption was conducted
in a Micromeritics ASAP 2010 using ASAP 2010C
V3.00 software. Prior to H2 chemisorption, the pas-
sivated catalyst samples were evacuated to 10−6 mm
Hg at 100◦C for 15 min, reduced in H2 flow at
100◦C for 15 min, reduced at 350◦C for 10 h, and
then evacuated at 350◦C for 90 min to desorb any
hydrogen.

2.4.5. Temperature programmed reduction (TPR)
TPR was performed to determine the reducibility

and reduction behavior of the catalyst samples. TPR
was carried out in an Altamira AMI-1 system using
50 mg of catalyst and a temperature ramp from 30
to 900◦C at 5◦C/min. The reduction gas was 5%
H2 in Ar. A cold trap (−70◦C) was placed before
the detector to remove water produced during the
reaction. A thermal conductivity detector (TCD) was
used to determine the amount of hydrogen consumed.
The amount of hydrogen consumption was calibrated
using TPR of silver oxide (Ag2O) at the same con-
ditions. The reduced and passivated catalyst samples

were re-calcined in situ at 300◦C for 2 h before
performing TPR.

2.5. Reaction

The catalyst samples reduced with various reduc-
tion gas compositions were tested for their initial
and steady-state activity. Hydrogenation of CO was
carried out at 220◦C and 1.8 atm. A flow rate of
H2/CO/He = 20/2/8 cm3/min in a fixed-bed flow
reactor under differential conditions was used. A
relatively high H2/CO ratio was used to minimize
deactivation due to carbon deposition during reaction.
Thermocouples at the top and at the bottom of the cat-
alyst bed assured precise temperature control during
pretreatment and reaction. Typically, 15 mg of a re-
duced and passivated catalyst sample was re-reduced
in situ in flowing H2 (30 cm3/min) at 350◦C for 10 h
prior to the reaction. Reactor effluent samples were
taken at 1 h intervals and analyzed by GC. In all
cases, steady-state was reached within 5 h.

3. Results

3.1. XRD

XRD patterns for representative catalyst samples
reduced at various reduction gas phase compositions
are shown inFig. 1. Reference patterns for�-Al2O3,
CoO, Co3O4 (spinel), and CoAl2O4 (spinel) are also
shown. The XRD results for all the catalyst samples
reduced with the various gas compositions used in
this study were identical after passivation. For all the
samples, only XRD peaks of CoO at 37◦, 42.6◦ and
61.8◦ as well as those for�-Al2O3 were evident. No
XRD peaks of CoAl2O4 (spinel) were detected for any
of the catalyst samples.

3.2. Raman spectroscopy

Raman spectra of the catalyst samples are shown
in Figs. 2–4. Raman bands for all Co–R[C-n] were
identical and different from that for Co–R as shown in
Fig. 2. Only two very broad Raman bands at ca. 690
and 560 cm−1 were detected for Co–R and this has
been correlated to the formation of a highly dispersed
Co “aluminate”[18]. Strong Raman bands at 690 and



194 B. Jongsomjit, J.G. Goodwin Jr. / Catalysis Today 77 (2002) 191–204

Fig. 1. XRD patterns of Co/�-Al2O3 after various reduction con-
ditions, CoAl2O4 (spinel), Co3O4 (spinel), CoO, and�-Al2O3.

480 cm−1 were observed for the Co–R[C-n] samples.
As can be seen inFig. 3, as previous reported[18], the
addition of water vapor during reduction resulted in
an enhancement for Co–R[W] of the Co “aluminate”
bands, without any other bands being evident. How-
ever, for the Co–R[WC-9] sample at the highest con-
centration of added CO, there were obvious Raman
bands at 690, 619, 519, 480, and 198 cm−1. These
bands can be assigned to Co3O4 (seeFig. 4) present
on catalyst surface after the samples were exposed to
air rather than CoO (detected in the bulk by XRD)
since Raman is more of a surface technique. Samples
reduced at lower concentrations of CO also exhibited
similar peaks as well as a broad peak from 520 to
620 cm−1 that obscured the weak bands at 619 and
519 cm−1. The broad Raman band between 450 and
620 cm−1, which represents Co “aluminate” as seen
for Co–R[W], was thus apparently present for the

Fig. 2. Raman spectra of Co–R and Co–R[C-n] samples.

Co–R[WC-n] samples wheren ≤ 7. No peaks for
CoAl2O4 (spinel) were detected in any of the samples.

3.3. SEM and EDX

There was no significant change in morphology of
the catalyst samples after the various reduction con-
ditions used in this study. The typical morphology of
a sample is shown inFig. 5a and b. In all figures, the
white or light spots represent high concentrations of
Co and its compounds and the gray areas represent the
alumina support with no/minimal Co.Fig. 5ashows
the external surface of a catalyst granule of sample
Co–R[C-9], whereasFig. 5b shows a cross-section
of a catalyst granule of the same sample. Co patches
were well distributed over the external surface and
throughout the interior of all the catalyst granules.

EDX gave useful information about elemental dis-
tribution in the pretreated catalyst granules. EDX map-
ping indicated that all elements in the catalyst samples
were well distributed (Fig. 6 shows typical elemental
distributions for a cross-section of a catalyst granule).
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Fig. 3. Raman spectra of Co–R[W] and Co–R[WC-n] samples.

EDX was also able to detect the presence of carbon for
those samples exposed to CO addition >3 vol.%. Av-
erage elemental compositions on the external catalyst
granule surfaces of the samples are given inTable 1.

Table 1
Elemental concentrations from EDX for the external surface of the catalyst granules after reduction at different gas phase compositions

Catalyst samples Average elemental concentration (wt.%)a

C O Al Co Total

Co–R[C-1] – 42.1 39.8 18.1 100
Co–R[C-3] 0.9 45.7 34.6 18.8 100
Co–R[C-5] 1.2 44.1 34.5 20.2 100
Co–R[C-9] 2.5 41.2 38.2 18.1 100

Co–R[WC-1] – 47.0 32.4 20.6 100
Co–R[WC-3] – 37.1 43.1 19.8 100
Co–R[WC-5] 0.7 42.8 35.6 20.9 100
Co–R[WC-7] 0.7 44.9 33.2 21.2 100
Co–R[WC-9] 1.5 40.9 35.5 22.1 100

a EDX was performed for the external surface of a catalyst sample and the average elemental concentrations were calculated based on
elemental concentrations at 20 spots on a catalyst granule.

3.4. TPR

TPR was preformed to determine the reduction be-
havior and reducibility of the catalysts. TPR profiles
of the catalyst samples after various pretreatment
conditions are shown inFigs. 7 and 8. Reduction
was observed for all catalyst samples to occur in two
major peaks. The first peak is due to a two-step re-
duction of Co3O4 (with no/minimal interaction with
the support) to Co metal[18,20–23] and occurred
at ca. 320◦C for both Co–R[C-n] and Co–R[WC-n]
samples. This peak occurred about 20◦C lower than
those for Co–R and Co–R[W]. The second observable
peak (very broad and made up of multiple overlap-
ping peaks) is due to the reduction of Co species
strongly interacting with the support[18,20–23]and
occurred between 400 and 700◦C (max. at 650◦C)
for both Co–R[C-n] and Co–R[WC-n] samples. The
reducibilities (at temperatures up to 900◦C) of the
catalysts were calculated and are given inTable 2. The
reducibilities for TPR between 30 and 400◦C (related
to the reducibilities of the samples during standard
reduction at 350◦C [6]) ranged between 16 and 29%
for Co–R[C-n] samples and 14–20% for Co–R[WC-n]
samples. For Co–R[C-n], reducibility increased from
17% (for Co–R) up to a maximum of 29% for 5 vol.%
added CO before decreasing when greater amounts of
CO were added. For Co–R[WC-n], reducibility ap-
peared to also go through a maximum (for 3–5 vol.%
CO) with increasing amount of added CO, but the dif-
ference was less dramatic (14–20%). The results for
reducibilities during TPR from 30 to 900◦C for the
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Fig. 4. Reference Raman spectra of�-Al2O3, CoO, Co3O4 (spinel), and CoAl2O4 (spinel).

two catalyst sample series manifested similar trends
as for 30–400◦C, but were greater.

3.5. H2 chemisorption

H2 chemisorption was performed to determine the
overall Co metal dispersion after different reduction
conditions. The Co metal dispersions of the samples
are shown inTable 2and ranged from 2.8 to 7.9%. For
Co–R[C-n] samples, the Co metal dispersion increased
from 3.2 to 7.9% with increasing CO concentration

up to the maximum investigated of 9 vol.%. How-
ever, Co metal dispersion for the Co–R[WC-n] sam-
ples passed through a maximum of 6.2% for 3 vol.%
added CO.

3.6. Reaction

CO hydrogenation (H2/CO = 10/1) was performed
to determine the overall activity of the catalyst sam-
ples reduced at various reduction gas compositions.
The results are shown inTable 3andFig. 9 (no water
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Fig. 5. (a) SEM micrographs of a typical granule of Co–R[C-9]; (b) SEM micrographs of the cross-sectional (CS) area of a catalyst
granule of Co–R[C-9].

vapor added during reduction) andFig. 10 (with wa-
ter vapor added during reduction). It can be seen that
for Co–R[C-n], the addition of CO during standard re-
duction of the Co catalyst caused the rate (both initial
and steady-state) of CO hydrogenation to go through a
maximum for the case of 5 vol.% CO addition. How-
ever, the rate after the addition of 9 vol.% CO during
reduction was lower than that of Co–R, the base case.

A similar trend was found for Co–R[WC-n], except
the maximum rate occurred after 3 vol.% CO addition

and the rate after 9 vol.% CO addition was still sig-
nificantly higher than for Co–R[W]. The selectivity
to CH4 during CO hydrogenation was found to be ca.
80–90%. Although the Co–R[C-n] results would ap-
pear to suggest that the CH4 selectivity went through
a minimum with CO addition during reduction, the
Co–R[WC-n] results suggest little variation in selec-
tivity. At this time, we are not prepared to conclude
that there was any significant difference in selectivity
for any of the samples.
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Fig. 6. Elemental distribution obtained by EDX mapping of a catalyst granule cross-section of Co–R[C-9].

4. Discussion

The addition of CO during standard reduction had
a significant impact on the reaction rate during CO
hydrogenation (H2/CO = 10/1). It was found that
an optimal concentration of CO (3–5 vol.%) added

to H2 during reduction at low or high partial pres-
sures of water vapor produced specific activities four
times greater than when the catalyst was reduced with-
out CO addition (Figs. 9 and 10). One thing that
might explain higher activity is increased reducibi-
lity.
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Fig. 7. TPR profiles of Co–R and Co–R[C-n] samples.

It is known that three reduction peaks located at ca.
200, 300◦C, and between 400 and 750◦C (max. at
600◦C) can be seen for calcined Co/�-Al2O3 (calcined
at 300◦C for 2 h)[18,20]. The first peak at ca. 200◦C
has been assigned to the decomposition of residual
Co nitrate. The second peak at ca. 300◦C has been as-
signed to the reduction of Co3O4 to CoO and Co0 and
the highest reduction temperature peak is related to
the reduction of Co species strongly interacting with
the alumina support to Co metal. Due to the sequen-
tial pretreatments (calcination, reduction, passivation,
and recalcination) prior to TPR measurement, only
two reduction steps are observed during TPR from 30
to 900◦C (Figs. 7 and 8) of the samples. The pretreat-

ments used prior to TPR measurement were able to
decompose all residual Co nitrate resulting in the ab-
sence of a peak at 200◦C. Based on the similar TPR
profiles in this study, it is suggested that CO addition
during reduction did not have a significant impact on
the reduction characteristics (peak locations) of the
samples with the possible exception of an increase in
the kinetics of reduction for the peak ca. 340◦C that
was shifted−20◦C. However, the % reducibilities
were much more dramatically affected by the CO
addition.

It was observed that, for standard reduction at low
partial pressure of water vapor (Co–R[C-n]), the re-
ducibility of this Co catalyst went through a maximum
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Fig. 8. TPR profiles of Co–R[W] and Co–R[WC-n] samples.

with increasing amount of CO added during reduction.
For reduction at high partial pressure of water vapor
(Co–R[WC-n]), the results were much less dramatic,
probably due to the impact of water vapor, but similar.
It is possible that the addition of an optimum amount
of CO resulted in an increase in reducibility due to
CO helping to prevent the formation of Co species
strongly interacting with the support. However, higher
concentrations of CO possibly resulted in lower re-
ducibilities as a result of H2 being more difficult to
activate on carbon-blocked Co surfaces and Co oxide
being more difficult to reduce under deposited carbon
(Table 1), especially graphitic carbon.

It is known that cobalt carbide can be formed during
carburization of cobalt metal using CO[24]. However,
there was no evidence of carbide formation, possibly
due to the very high ratio of H2/CO used. In this study,
after the use of high concentrations of CO, it is not
surprising that carbon deposition was found (Table 1).

Fig. 9. Effect on reaction rate of CO addition during reduction at
low partial pressures of water vapor.

The amount of deposited carbon increased with in-
creasing amount of CO added during reduction. How-
ever, for the same amount of CO added, there was less
carbon deposited when water vapor was also added.
This would appear to be due to an impact of water
vapor on CO dissociation. The carbon deposited can
exist in two forms: active carbon and graphite. Ac-
tive carbon can react with hydrogen to form methane
(CH4) or oxygen to form CO or CO2, whereas graphite
is very non-reactive and difficult to remove.

If the deposited carbon were in the form of ac-
tive carbon, it could have reacted with H2 resulting
in an increase in the amount of H2 consumed dur-
ing TPR. In order to determine the impact of this
on the % reducibility obtained, the Co–R[C-9] and
Co–R[WC-9] samples were analyzed for carbon con-
tent (Table 4). Both samples were chosen based on
the fact that they contained the highest amount of
carbon. After reduction and passivation, the carbon
content was found to be ca. 0.9 and 0.6 wt.%, respec-
tively. After re-reduction and passivation, only ca. 0.4
and 0.2 wt.% remained (57–64% of the carbon was
removed). However, after recalcination prior to TPR
measurement, the carbon content was found to be ca.
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Table 2
TPR and H2 chemisorption results for reduced Co/�-Al2O3 at various reduction gas phase compositions

Catalyst
samples

Reduction conditions Reducibility (%)a,b,c Total H2

chemisorption
(�mol H2/gcat)d

Overall Co metal
dispersion (%)e

Co0, dp

(nm)f
PCO/PH2

(at feed)
Added CO
(vol.%)

PH2O/PH2

(at feed)
30–900◦Cg 30–400◦C

Co–R 0 0 0 58 17 54 3.2 26
Co-R[C-1] 0.01 1 0 62 17 85 5.0 17
Co-R[C-3] 0.03 3 0 80 28 117 6.9 12
Co-R[C-5] 0.05 5 0 93 29 120 7.1 12
Co-R[C-7] 0.07 7 0 96 25 132 7.8 11
Co-R[C-9] 0.10 9 0 61 16 134 7.9 11

Co-R[W] 0 0 0.03 50 14 49 2.9 29
Co-R[WC-1] 0.01 1 0.03 58 16 95 5.6 15
Co-R[WC-3] 0.03 3 0.03 61 20 105 6.2 14
Co-R[WC-5] 0.05 5 0.03 57 20 85 5.0 18
Co-R[WC-7] 0.08 7 0.03 54 16 64 3.8 22
Co-R[WC-9] 0.10 9 0.03 49 18 47 2.8 29

a All catalyst samples were re-calcined at 300◦C in air for 2 h before TPR measurement.
b The reducibility was based on a calibration with Ag2O (100% reducibility).
c Measurement error= ±5%.
d Error = ±5% of measurement of H2 chemisorption.
e Co metal dispersion(%) = [2 × (total H2 chemisorption/gcat)/(no. �mol Co tot./gcat)] × 100%.
f Average particle size (dp) is based upon H2 chemisorption and the amount of reduced cobalt [dp = 5/(SCo × ρCo), whereSCo is the

surface area of reduced Co/g of reduced Co, andρCo is the density of cobalt]. Surface area occupied by one reduced Co atom assumed
to be 6.62 Å2 [27].

g The reducibility during TPR at 30–400◦C is related to the reducibility of the catalysts during standard reduction[6].

0.2 wt.% (61–76% of the carbon was removed). Af-
ter TPR the same amount of carbon appeared to still
remain for Co–R[C-9]. This suggests that the form of
carbon left was graphite, which did not have an effect

Table 3
Reaction rate for CO hydrogenation on Co/�-Al2O3 reduced at various reduction gas compositions

Catalyst samples CO conversion (%)a Rate (�mol/gcat s−1)b CH4 selectivity (%) TOFH × 103 (s−1)c

Initiald SSe Initial SS Initial SS Initial SS

Co–R 1.1 0.8 1.1 0.8 93 94 10.0 7.4
Co–R[C-3] 2.0 1.4 1.9 1.3 84 85 8.1 5.6
Co–R[C-5] 5.8 4.6 5.5 4.4 86 76 23.0 18.0
Co–R[C-9] 0.7 0.6 0.7 0.5 96 92 2.6 1.9

Co–R[W] 0.9 0.5 0.8 0.5 84 82 8.2 5.1
Co–R[WC-3] 3.6 3.3 3.3 3.0 92 88 16.0 14.0
Co–R[WC-5] 3.3 2.7 3.0 2.5 85 84 18.0 15.0
Co–R[WC-9] 2.4 1.5 2.2 1.4 86 80 23.0 15.0

a CO hydrogenation was carried out at 220◦C, 1.8 atm, and H2/CO = 10 (H2/CO/He= 20/2/8 cm3/min).
b Error = ±5%.
c Based on total H2 chemisorption.
d After 5 min of reaction.
e After 5 h of reaction.

on the amount of H2 consumed during TPR. However,
for Co–R[WC-9], the amount of carbon removed dur-
ing TPR was at most ca. 0.1 wt.%, and may have been
zero given experimental error. Based on calculation,



202 B. Jongsomjit, J.G. Goodwin Jr. / Catalysis Today 77 (2002) 191–204

Fig. 10. Effect on reaction rate of CO addition during reduction
at a high partial pressure of water vapor (ca. 23 mm Hg).

if 0.1 wt.% active carbon reacted with H2 during TPR,
this would account for at most only 3% of the total
possible 100% reducibility for the 20 wt.% Co catalyst.
This suggests that the pretreatment used prior to TPR
measurement was able to remove most of the active
carbon in the samples and any error introduced in the
measurement of Co reducibility was minimal.

Besides Co reducibility, Co dispersion is critical in
determining catalytic activity. There was an increase

Table 4
Carbon content on the Co catalysts after various pretreatmentsa

Catalyst samples Carbon content (wt.%)b

After reduction
(C–R–P)c

After re-reduction
(C–R–P–R–P)d

After re-calcination
(C–R–P–C)e

After TPR
(C–R–P–C–TPR)f

Co–R[C-9] 0.86 0.37 0.21 0.20
Co–R[WC-9] 0.61 0.22 0.24 0.14

a C: calcination; R: reduction; P: passivation.
b Carbon content on the various pretreated catalyst samples was analyzed using combustion/coulometric titration by Galbraith Laboratories,

Inc.
c Reduction of the calcined catalyst was done at 350◦C for 10 h with the various reduction gas mixtures.
d Re-reduction on the reduced catalyst was also done at 350◦C for 10 h with H2.
e Re-calcination of the reduced catalyst was done at 300◦C for 2 h prior to TPR measurement.
f TPR was performed from 30 to 900◦C.

in Co dispersion upon CO addition during reduc-
tion (as determined by H2 chemisorption) possibly
because there was a decrease in sintering of the Co
metal. However, the chemisorption results cannot be
taken at face value. Clearly, if one looks at the values
of TOF calculated, one sees a lot of variation. CO
hydrogenation is well known to be a structure insen-
sitive reaction. As such, TOF should not vary greatly
with Co dispersion. If one considers the base sam-
ples (Co–R and Co–R[W]), their initial TOF’s are ca.
1 × 10−2 s−1—typical for Co catalysts under these
conditions [25,26]. Since H2 chemisorption on Co
is highly activated, it must be carried out at 100◦C
in order to come close to adsorbing hydrogen on
all the available surface metal atoms in a reasonable
time [19]. Reduction in the presence of added CO
results in carbon deposition on the catalyst samples.
Such carbon may bias the chemisorption results by
(i) reacting with some H2 to form CH4, (ii) provid-
ing adsorption sites for H atoms that spill over from
Co sites at 100◦C, and (iii) providing a bridge for
H atoms to spill over onto the support. Any of these
would, thus, result in an amount of hydrogen atoms
“chemisorbed” greater than the number of reduced Co
metal surface atoms. On the other hand, it is also pos-
sible that carbon could block some Co metal surface
sites and, if spillover did not happen, would result
in exposed Co metal sites being counted accurately.
Although, based on steady-state isotopic transient
kinetic analysis (SSITKA) results, it is known that
the number of active intermediates on a Co surface
during CO hydrogenation is only a small fraction of
the number of Co metal surface atoms[25,26], this
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fraction remains fairly constant for a wide variety of
Co dispersions. It can be suggested that Co–R[C-9]
exhibited a large amount of hydrogen chemisorbed,
but a low TOF based on its low rate. One might imag-
ine that, for this sample at the highest concentration of
added CO, spillover of hydrogen must have occurred.
It should be noted that this catalyst also had the high-
est concentration of deposited carbon. All the rest of
the samples gave reasonable TOF’s (within a factor of
2, as is often seen[25]).

It should also be mentioned that XRD did not detect
any difference upon CO addition during reduction. The
XRD results are typical for reduced Co/�-Al2O3 cat-
alysts [6,18]. However, Raman spectroscopic results
were clearly different. In our previous investigation of
Co-SCF[18], it was found that Raman spectroscopy is
one of the most powerful techniques besides TPR able
to identify Co “aluminate” formation (two broad Ra-
man bands at ca. 690 and 560 cm−1). The identified Co
“aluminate” is suggested to be different from CoAl2O4
(spinel) due to it being a non-stoichiometric surface
Co “aluminate” compound. In the present study, dra-
matic changes in the characteristics of the Raman
bands for the reduced and passivated catalyst samples
were observed with the addition of CO during stan-
dard reduction. Basically, the Co “aluminate” bands
disappeared more and more with increasing amount
of CO added. The Raman bands for the passivated
samples of apparently Co3O4 at 690 and 480 cm−1

became more dominant. This suggests that the addi-
tion of CO during reduction may have helped to de-
crease the amount of Co “aluminate” formed. It should
be noted that the characteristics of Raman bands for
Co–R[C-n] and Co–R[WC-n] were different. This is
based on the fact that water vapor increases the amount
of Co “aluminate” formed. Since Co catalysts in gen-
eral and Co/Al2O3 in particular are not good water-gas
shift catalysts[28–32], Co is not able to react sig-
nificantly with the water to decrease its concentra-
tion.

It is clear that CO addition during reduction had
effects on Co reducibility and dispersion of the cata-
lyst samples. Based on all the evidence presented, it
is suggested that the increase in specific activity (per
gram basis) seen was primarily due to an increase in
Co reducibility along with an increase in the num-
ber of Co metal surface atoms as determined by H2
chemisorption.

5. Conclusions

The addition of CO during standard H2 reduction
of a 20% Co/Al2O3 catalyst produced specific activ-
ities about four times greater than when the catalyst
reduced without CO addition. Most of this increase
appears to have been due to increases in Co reducibil-
ity and dispersion. In general, initial and steady-state
rates of CO hydrogenation, Co reducibility, and Co
dispersion went through a maximum for 3–5 vol.% CO
added during H2 reduction. Carbon deposition was de-
tected upon increasing the amount of added CO. The
effect of CO addition may be due to one or more of
possibly three reasons: (i) CO may help to prevent
the formation of Co species strongly interacting with
the support, thereby facilitating its reduction, (ii) CO
may decrease sintering of the Co metal resulting an
increase in Co dispersion, and (iii) CO may block Co
“aluminate” formation by minimizing the impact of
water vapor even at low partial pressures.
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